1. Introduction {#sec1}
===============

*Enterocytozoon bieneusi*, an obligate intracellular pathogen of the intestinal epithelial, is frequently identified in humans and a variety of other animals ([@bib14]; [@bib19]; [@bib18]). Infection with it can lead to chronic or acute enteric diarrhea and extra-intestinal infections (such as cholangitis), especially in patients with acquired immune deficiency syndrome ([@bib15]; [@bib11]). The infective spores of this pathogen are ubiquitous in water sources and the environment, and they are potentially transmitted through the fecal-oral route, either directly or indirectly by ingesting food or water contaminated with them ([@bib15]). The National Institute of Allergy and Infectious Diseases (NIAID) has classified *E. bieneusi* as a Category B Priority Pathogen ([@bib6]).

Considerable genetic diversity exists among and within *E. bieneusi* isolates according to the sequence polymorphisms found in the internal transcribed spacer (ITS) region ([@bib8]). To date, more than 500 *E. bieneusi* genotypes have been reported, placing them into 11 distinct groups (Groups 1--11) by phylogenetic analysis ([@bib8], [@bib9]). Some of these genotypes (e.g., EbpA, EbpC, and Type IV) are found in different species of animals as well as in humans, indicating their public health importance and zoonotic potential.

The *Lithobates catesbeiana* bullfrog, a native North American species first introduced into China in the 1950s, is mainly farmed as food in Mid-Southern China and then sold throughout China. In 2014, the yield of these farmed edible bullfrogs reached 25 million kilograms in China ([@bib5]). Although there have been some reports of *E. bieneusi* infections in pigs, cows, goats, and other animals ([@bib10]; [@bib4]; [@bib3]; [@bib16]; [@bib18]), there are no such reports for edible bullfrogs. Therefore, the aim of this study was to determine the molecular prevalence of *E. bieneusi* in edible bullfrogs, and assess the possibility of its potential zoonotic transmission to humans via food or water.

2. Materials and methods {#sec2}
========================

2.1. Ethics statement {#sec2.1}
---------------------

This study was conducted in accordance with the Chinese Laboratory Animal Administration Act (1988) after review, and its protocol was approved by the Research Ethics Committee of Henan University of Chinese Medicine (accession no.: [DWLL201806009](ncbi-wgs:DWLL201806009){#intref0010}). The edible bullfrog sellers were not engaged in any form of discussion about this study.

2.2. Sample collections {#sec2.2}
-----------------------

Aksu city (N 41°09′, E 80°19′) is an urban area in the Xinjiang Uygur Autonomous Region of China where the climate is dry and precipitation is scarce. In 2018, the total population of Aksu was approximately 710,000. Two open markets in Aksu city selling edible bullfrogs were involved in the present study.

Bullfrogs were butchered by the shopkeepers in the markets, the edible bodies and limbs were sold to the consumers, and the entrails were discarded. The number of collected samples accounted for approximately 20% of the total number of sold bullfrogs each time. To avoid cross contamination during the sample collection, the whole rectum from each bullfrog was collected by our technicians when the shopkeepers cut open the belly of each bullfrog. Each rectum was collected, placed separately into a clean plastic zipper bag, and shipped under cool conditions to the laboratory where approximately 5 g of the rectal contents from each rectum sample was collected using a laminar flow cabinet and stored there at 4 °C. DNA was extracted from these samples within 72 h of collection.

According to the shopkeepers, the edible bullfrogs were raised and farmed in Southern China and imported into the Aksu city area batch by batch. To avoid cross contamination from the same batch of bullfrogs, a total of 295 intestinal contents from the bullfrogs were collected 17 times during December 2018 and from May to June 2019 from the two open markets ([Table 1](#tbl1){ref-type="table"}).Table 1Occurrence and genotype distributions of *E. bieneusi* pathogens in edible bullfrogs (*L. catesbeiana*) in Aksu, China.Table 1Collection sitesCollection timeNo. positive/No. examined (%)Genotypes (n)Market 1Dec 3, 20181/18 (5.6%)BLC1 (1)Dec 9, 20180/11 (0)Dec 15, 20180/16 (0)Dec 20, 20185/15 (33.3%)EbpC (4), BLC3 (1)Dec 23, 20183/19 (15.8%)EbpC (2), BLC4 (1)Dec 28, 20185/13 (38.5%)EbpC (5)Subtotal14/92 (15.2%)EbpC (11), BLC1 (1), BLC3 (1), BLC4 (1)Market 2May 20, 20192/15 (13.3%)EbpC (1), BLC5 (1)May 26, 20192/17 (11.8%)EbpC (1), BLC6 (1)May 31, 20195/22 (22.7%)EbpC (4), BLC7 (1)Jun 2, 20194/19 (21.1%)EbpC (3), BLC8 (1)Jun 5, 20191/24 (4.2%)BLC9 (1)Jun 9, 20192/19 (10.5%)EbpC (2)Jun 13, 20192/19 (10.5%)EbpC (2)Jun 17, 20194/14 (28.6%)EbpC (3), BLC10 (1)Jun 20, 20197/21 (33.3%)EbpC (2), BLC11 (2), BLC12 (1), BLC14 (1), BLC15 (1)Jun 25, 20199/18 (50.0%)EbpC (6), BLC11 (1), BLC16 (1), BLC17 (1)Jun 28, 20199/15 (60.0%)EbpC (5), BLC2 (1), BLC13 (1), BLC18 (1), BLC19 (1)Subtotal47/203 (23.2%)EbpC (29), BLC2 (1), BLC5 (1), BLC6 (1), BLC7 (1), BLC8 (1), BLC9 (1), BLC10 (1), BLC11 (3), BLC12 (1), BLC13 (1), BLC14 (1), BLC15 (1), BLC16 (1), BLC17 (1), BLC18 (1), BLC19 (1)Total295EbpC (40), BLC11 (3), BLC1 (1), BLC2 (1), BLC3 (1), BLC4 (1), BLC5 (1), BLC6 (1), BLC7 (1), BLC8 (1), BLC9 (1), BLC10 (1), BLC12 (1), BLC13 (1), BLC14 (1), BLC15 (1), BLC16 (1), BLC17 (1), BLC18 (1), BLC19 (1)

2.3. DNA extraction and polymerase chain reaction (PCR) amplification {#sec2.3}
---------------------------------------------------------------------

Approximately 200 mg of each sample was used for direct DNA extraction. Total DNA was extracted with the E.Z.N.A.R® Stool DNA Kit (Omega Biotek Inc., Norcross, GA, USA), according to the manufacturer\'s instructions. The extracted DNA was stored at −20 °C until PCR amplification.

*Enterocytozoon bieneusi* DNA was screened by nested PCR amplification of the ITS region. The primers and thermal cycling parameters used for the two PCR amplifications have been described previously ([@bib13]). The 2 × EasyTaq PCR SuperMix (TransGene Biotech Co., Beijing, China) kit was used for the PCR amplifications. A positive control (cattle-derived *E. bieneusi* genotype J DNA) and negative control (2 μL of distilled water without DNA) were included in all the PCR runs. All secondary PCR products were subjected to electrophoresis on 1.5% agarose gels, and then visualized by ultraviolet transillumination after staining with GelRed (Biotium Inc., Hayward, CA, USA).

2.4. E. bieneusi sequences and phylogenetic analyses {#sec2.4}
----------------------------------------------------

Positive secondary PCR amplicons were sequenced by a commercial sequencing company (GENEWIZ, Suzhou, China). The sequence accuracy was confirmed via bidirectional sequencing, and the sequences obtained were aligned using ClustalX 2.1 (<http://www.clustal.org/>) with the reference sequences downloaded from GenBank (<https://www.ncbi.nlm.nih.gov/genbank/>) to determine the species and genotypes. Representative genotypes of the nucleotide sequences we obtained were submitted to GenBank at the National Center for Biotechnology Information under accession numbers MN758739--MN758760.

Bayesian inference (BI) and Monte Carlo Markov chain methods were used to construct phylogenetic trees in MrBayes (version 3.2.6) (<http://nbisweden.github.io/MrBayes/>). The posterior probability values were calculated by running 1,000,000 generations. A 50% majority-rule consensus tree was constructed from the final 75% of the trees generated via BI. Analyses were run three times to ensure convergence and insensitivity to priors.

2.5. Statistical analyses {#sec2.5}
-------------------------

All statistical analyses in this study were performed using SPSS 22.0. The chi-square test was used for the significance analysis. Differences were considered significant only when *p* \< 0.05.

3. Results and discussion {#sec3}
=========================

*Enterocytozoon bieneusi* infections have been reported in humans and a broad range of other animals, highlighting its public health importance and potential for zoonotic transmission ([@bib8]). Reports of *E. bieneusi* infections in various food-related animals (e.g., pigs, goats, sheep, beef cattle, and chickens) have been largely documented in China ([@bib2]; [@bib20]; [@bib7]; [@bib18]). High infection rates (range, 17.2%--78.9%) for *E. bieneusi* have been observed in pig samples in China ([@bib10], [@bib7]; [@bib20]; [@bib24]). While the *E. bieneusi* infection rates in goats and sheep range from 10.6% to 42.8% ([@bib22]; [@bib16]; [@bib1]; [@bib23]), those in beef cattle range from 19.7% to 26.5% ([@bib12]; [@bib21]). However, the infection rate in chickens was reported to be lower in China at 11.8% ([@bib10]). In the present study, both positive controls and negative controls were included with the samples from the present study in the PCR runs to ensure the absence of sample contamination. Among the 295 intestinal contents samples from the edible bullfrogs, the *E. bieneusi* infection rate was 20.7% (61/295) ([Table 1](#tbl1){ref-type="table"}). The *E. bieneusi* infection rate in the edible bullfrogs from the two different collection sites was 15.2% (14/92) and 23.2% (47/203), with no significant difference found between the sampling locations (*p* \> 0.05) ([Table 1](#tbl1){ref-type="table"}). To the best of our knowledge, this is the first report of *E. bieneusi* infection in bullfrogs.

Based on the ITS gene, 20 *E. bieneusi* genotypes were identified among the 61 successfully sequenced samples from our study. The genotypes included one known genotype (EbpC) and 19 novel genotypes (named BLC1 to BLC19). The genotype EbpC was identified in the most samples (65.6%, 40/61), making it the predominant genotype in the edible bullfrogs. Novel genotypes (BLC1 to BLC10, and BLC12 to BLC19) were one sample each, while BLC11 was found in three samples. The novel genotypes (BLC1 to BLC19) had 1 to 10 nucleotide substitutions or deletions, compared with the genotype EbpC (AF135832) ([Fig. 1](#fig1){ref-type="fig"}). Genotype EbpC has already been frequently found in humans ([@bib14]; [@bib11]; [@bib9]) and in various other animals ([@bib19]; [@bib18]), highlighting its public health importance and zoonotic potential ([@bib8]). It has been suggested that bullfrogs are a source of human infections from microsporidial spores, especially as amphibian feces can contaminate water sources.Fig. 1Nucleotide sequence analysis of the newly identified *E. bieneusi* genotypes (BLC1 to BLC19) based on the ITS regions, as compared with the known genotype EbpC (AF135832) (synonym with genotype E).Fig. 1

In the phylogenetic analyses conducted to date, more than 90% of the *E. bieneusi* genotypes were found to belong to Groups 1 or 2 ([@bib8], [@bib9]). Group 1 genotypes are considered of public health importance based on the widespread occurrence of D, EbpC, and type IV genotypes in a very large variety of hosts ([@bib8]). The remaining genotypes correspond to host-adapted groups (Groups 2--5) and are associated with specific animals and probably have no public health significance ([@bib17]). Recently, Groups 6--11 have also been described in some animal groups and environmental samples ([@bib6]). All 20 *E. bieneusi* ITS genotypes identified in the edible bullfrogs belonged to Group 1 in the present study ([Fig. 2](#fig2){ref-type="fig"}), suggesting that the bullfrogs were naturally infected with host-specific and/or zoonotic genotypes of *E. bieneusi.*Fig. 2Phylogenetic tree based on Bayesian inference (BI) analysis of *E. bieneusi* ITS sequences. Statistically significant posterior probabilities are indicated on the branches. Known and novel *E. bieneusi* ITS genotypes identified in the present study are indicated by hollow and filled triangles, respectively.Fig. 2

The infective spores of *E. bieneusi* are potentially transmitted through the fecal-oral route by ingesting food or water contaminated with them ([@bib15]). The results of the present study indicate that bullfrogs can serve as important reservoir hosts for *E. bieneusi*. There is also the attendant risk that *E. bieneusi* spores from infected bullfrogs can contaminate water sources, leading to the transmission of zoonotic infections. Therefore, monitoring for *E. bieneusi* spores in the water sources associated with farmed bullfrogs is warranted.

In conclusion, to the best of our knowledge, this is the first report of *E. bieneusi* infections in edible bullfrogs, and the zoonotic genotype EbpC was the predominant genotype. That all 20 genotypes belonged to Group 1 suggests that bullfrogs may be a potential source of human infections with this pathogen. Further studies on *E. bieneusi* contamination of the water sources and environments around farmed bullfrogs should be conducted to investigate the transmission characteristics of this pathogen.
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